Graphene in its pure, 1,2 doped, 3 or heterocombination 4, 5 is proven to be potential in the context of photodetectors. 6 It is of course convincing that the pristine graphene requires some sort of modification(s) to tune the properties or to exploit a synergy effect. 6, 7 Apart from the aforementioned modifications, 1, [3] [4] [5] graphene can form intercalating compound (GIC). [7] [8] [9] [10] [11] GICs are more than 170 years old (Ref. 1 in Ref. 12) despite they still attract a lot of research attention [8] [9] [10] [11] due to their intriguing properties, such as unusual permeation, 8 temperature dependent lattice expansion, 10 ,11 controllable conduction type, 7 superconductivity, 7 are a few to mention. In a recent report, 4 charge transfer is observed from C 60 to few layer graphene depicting a negative photoresponse (PR); however, here we report a simultaneous control on the polarity and magnitude through GICs. A list of intercalants can be identified, e.g., MeOH/EtOH/H 2 O, 8, 10, 11 acids, 12 and others 7 (H, Au, Ge, etc). Interestingly, GICs with conducting polymers such as polyaniline are not largely seen 13, 14 apart from the composites, [15] [16] [17] [18] [19] where the contribution of the polymer is unquestionable 20, 21 due to its electronic states, 22 asymmetric charge conjugation, 23 and high doped-state-conductivity. 21 GICs, apart from ground state electronic phenomenon (superconductivity 7 ), they are mostly studied for local electronic information 7, 9 but not spatially averaged and excited state electronic behavior of macroscale devices which assesses their versatility.
Given the above background, graphene oxide (GO) and HCl doped polyaniline (PANI) were chosen to synthesize the intercalating compound (PGI), where kinetic formation efficiency of GO is better than graphite. The formation of PGI is self-controlled and mediated by the presence of ionic interactions, which is crucial for large scale synthesis of such compound materials. It is elucidated that PANI consists of emeraldine base and salt phases (EB and ES, respectively). In PGIs, the EB regions of PANI withdraw protons from -OH/-COOH groups (of GO) which essentially manipulate the carrier density apart from the interplanar spacing (d) of GO, i.e., the present case is particularly different from the existing GICs as PANI interacts with GO through the functional groups. vis a vis alkali atoms are ionized and "dope" the graphene with their outer valence "s" electron. 7 PR studies under UV-Vis illumination on GO, PANI, and PGIs suggest a hybrid response where polarity and magnitude are controllable. These results are well corroborated by the results from diffraction patterns and optical emission studies. GO 24 and PANI 25 were synthesized as described in the literature. Transmission electron microscopy (TEM, FEITecnai G2 F30) images were obtained from dispersions of GO or PANI in deionized water. Initially, PANI is sonicated for 2-3 min to which GO is added to yield PANI:GO:1:1.5 (PG1.5) and PANI:GO:1:2.2 (PG2.2) ratios by weight and stirred for 5-7 h. Aqueous dispersions of GO and PANI were also prepared. X-ray diffraction (XRD) patterns were recorded (PANalytical X'Pert Pro with Cu Ka radiation) on thoroughly dried samples. Each of the dispersions was dropcasted on cleaned ITO substrate and electrical contacts were obtained with conducting graphite paste. Essentially, ITO/GO, PANI, or PGI/ITO structures were investigated. Devices were illuminated (300 W, Ultra-Vitalux lamp, Osram) at a distance of $30 cm from the source through $10 cm of water column to eliminate the IR component. The IV-spectra were recorded with Keithley 4200 semiconductor characterization system. Emission responses were recorded from Horiba Scientific FL-1057 TCSPC at an excitation wavelength of $300 nm and deconvoluted with OriginPro 8.5. Apart from the number of peaks, the other parameters were set as free until convergence, unless otherwise specified.
TEM images of GO and PANI are shown in Figs. 1(a) and 1(b), respectively. The exfoliated GO is explicit in contrast to its typical layered structure. 26 The implanted oxygenous groups (C-O, C¼O, and O-C¼O) hinder the attractive forces and separate the individual sheets in GO. 13, 24, 26 It is interesting to note that PANI has also depicted sheet like Fig. 1(b) ) similar to the literature. 18 XRD patterns from GO, PANI, and PGIs are shown in Fig. 1(c) . GO exhibited a d of $8.975 Å corresponding to (002) GO . Notably, here the d is $2.6 times higher 13, 24, 26 than its unoxidized counterpart (not shown here). The XRD pattern from PANI exhibited multiple peaks; however, the overall crystal structure and the interplanar spacing depend on the solvent and degree of doping, respectively, i.e., the concentration ratio of [Cl]/[N] in the case of HCl doping as in present case. 27 ES regions are conducting and crystalline in contrast to EB regions which are insulating, however, exhibit long range ordering ($10.15 Å at 2h ¼ $8.71
). Hence PANI is in fact a mixture of ES and EB, 27 which may fall under pseudoorthorhombic lattice. Moving onto the PGIs, broadly PG1.5 and PG2.2 depicted a single well resolved feature at 2h ¼ $11.29
apart from a signature of (200) PANI . Notably, (002) GO is shifted to $11.29 due to GO/PANI intercalation, 12 and we call this reflection as (002) GO/PANI . Such shift is not observed in the earlier reports (Refs. 18 and 15 therein) which might be because of the differences in the synthesis process of GO, 13 PANI, and PGIs. On contrary, a shift to smaller angle is observed in the context of GO/PANI composite. 14, 16, 19 Note that d depends on the type of intercalant in the case of graphite as well. 12 It is more contextual to discuss the intercalation in the later part of this report after addressing the emission properties.
The emission response from GO, PANI, and PGI are shown in Fig. 2 . Emission from PG1.5 is spectrally very similar to that of PG 2.2 7 and hence the latter is considered for discussion. Nevertheless, the differences in their electronic properties are addressed with reference to the PR. It is notable that the origin of fluorescence from GO is of intense discussion, where the emission is attributed to the localized sp 2 clusters or oxygenous groups (Ref. 13 , and references therein). In any case, the broad peak centered at $545 nm consists of four bands 7 of uncertain origin. 13 For PANI, the emission exhibited two bands, viz., 388 nm and 440 nm. Quinoid groups in PANI are short lived excited states with no fluorescence. 28 Besides they act as traps and quench the fluorescence from adjacent benzenoid groups. Hence, the emission is a balance between benzenoid and quinoid groups. 20 Overall, these features are similar to PANI in which a mixture of EB and ES regions is present. This is consistent with our XRD data and the literature. 20, 27 Also a very small emission is observed at $1.81 eV which we believe to be originated from a transition to polaron band. 22, 23 When leucoemeraldine base (LEB) is oxidized no changes in the characteristics (fwhm and center of the peak) of the constituting peaks are observed. 7, 20 This is the basis for inputting fixed peak characteristics related to that of PANI 7 while deconvoluting the emission from PG2.2. Since the intensity changes are inevitable 20 during the oxidation of PANI, the area under the peak is set as free until convergence. Understanding the interaction between PANI and GO is a prerequisite to comprehend the emission from PGI because of the following reasons. (a) In the XRD patterns of PGIs, the signal from EB is almost diminished while (200) PANI reflection from ES regions is still persistent (Fig. 1(c) ). (b) PGI depicted a remarkable decrease in d of $13% from pristine GO. Given the proton donating nature of -OH and -COOH groups of GO 13 (with varying acidic strength 26 ), an interaction between the EB regions of PANI and GO is expected to form ES*. This interaction initiates an intercalation process in the dispersion which is then settled upon solidification, where EB regions are relatively more functional than ES regions (in line with (a) and (b)). Similar to ES, ES* regions also form a polaron band, however, at a slightly different energetic location within the band gap. The integral effect of ES and ES* resulted a peak at 1.89 eV, where ES caused an emission band at 1.81 eV. From the deconvoluted peaks, a blue shift (Dk, Fig. 2 ) of the emission bands is noticed with an exception for $615 nm peak. The effective blue shift of peaks from GO is convincing, 13, 29 which is due to the deprotonation of -OH and -COOH groups. Furthermore, the emission bands related to PANI and GO were relatively extinguished (area under the peak) upon intercalation, 7 which is rational 13, 30 as GO-COO -is not fluorescent. GO sheets are electronically modified to a major extent by loosing protons and possible p-p interactions with PANI. Conspicuously, the present emission spectrum from PGI is in clear contrast to an earlier report. 19 By taking together the analyses of XRD and emission spectra, an intercalated structure is confirmed. The effectiveness of the intercalation may be assisted by the slow evaporation (dropcasting) of the dispersion medium (H 2 O), where a self-assembly is mediated by ionic interactions. It is expected that all of the GO sheets were intercalated as the (002) GO reflection is absent within the detection limits of XRD, while we note the possibility of formation of amorphous phase GO. The additional degree of freedom of benzenoid rings of PANI plays a critical role in the formation of PGI, where they can rotate/flip. 23, 27, 31, 32 The IV-characteristics of GO, PANI, and PGI are shown in Fig. 3 along with the quantified 6PR% [¼100(R Dark -R UV-Vis )/R Dark ], where R denotes the resistance of the device in dark or UV-Vis condition close to zero bias. Also Àve or þve flag indicates increased or decreased "R" under illumination. In the following discussion, dark or UV-Vis condition are annotated with a suffix. Log-log plots were analyzed and the corresponding slopes and voltage regions are tabulated. 7 For GO Dark the charge transport is assisted by disrupted sp 2 conjugated network. 26, 33 While in GO UV-Vis case e/h pairs are created which effectively decrease the resistance (þPR) (Ref. 33 and Refs. 31-35 therein). However, computational studies on GO indicated the e-trapping ability of C¼O groups under excited state (e.g., UV-Vis light). 33 Consequently, the þ34% PR of GO is a result of a competition between the "trapping" and "photogeneration." GO Dark depicted a slope of $1.03 on log-log plot within the entire bias range which suggests an Ohmic conduction. 7 Interestingly, GO UV-Vis depicted three regions of different slopes on log-log scale, viz., 1.05 (0.02-1 V), 1.17 (1-5 V), and 0.76 (5-10 V). Although the first two slopes are not very different, the transition from 1.05 to 1.17 is evolved during the fitting process. The increase in slope can be attributed to the release of trapped charges 26, 33 while notably such change is not seen for GO Dark device. At higher biases, the slopes drop down to 0.76 suggesting a current saturation.
In PANI Dark , the conduction takes place via superposed quasi 1D and 3D variable range hopping models assisted by polarons or bipolarons 21, 34 as PANI is not charge conjugation symmetric. 23 Interestingly, PANI UV-Vis has shown -PR for which two different attributions are noticed. 35, 36 (1) LEB regions trap the photogenerated charge carriers under green illumination. 35 This attribution is corroborated by the fact that LEB is transparent to green light where the e/h pairs are created in ES within the interface of LEB. Also the existence of equal amounts of LEB and pernigraniline base is suggested. 35 (2) ES is already in the polaronic state, further photo-oxidation can form pernigranil salt which is not a good conductor. 36 The suitability of these interpretations is addressed latter. Slopes from the IV-curves of PANI Dark and PANI UV-Vis on log-log scale are 1.01 (0.02-2 V) and 0.96 (0.02-2 V), respectively, 7 which suggest almost no change in the conduction mechanism. However, the PR from PANI and GO of À111% and þ34% are noteworthy.
In the case of PGIs, the conduction is mediated by GO, ES, and ES*. After the deprotonation, electron density on GO sheet is slightly increased. 26 In contrast to other GICs in which alkali atoms are ionized and "dope" the graphene with their outer valence "s" electron. 7 Besides, due to ES*, the interfacial traps are also decreased within PANI, see (1) . Hence, a bright signature of the individual components cannot be expected; however, a delicate balance is prompted in the PR. Apart from Fermi level equilibration, the density of total GO-trap centers (C¼O) is invariant (ignoring the inaccessible) upon intercalation. Supposedly, PGI hosts charge traps from interfacial and/or other defects which exist even in dark condition. 2 Hence, the conduction in PG1.5 Dark is due to the remaining charge carriers. Particularly, four regions of varying slopes are noticed on log-log scale for PG1.5 Dark , viz., 1.03 (0-1 V), 1.21 (1-2 V), 1.38 (2-6 V), and 1.16 (6-10 V). 7 As the bias range increases, the slope of IV-curve on log-log scale also increases before settling at 1.16. The change in the slope can be attributed to the release of trap charges. 26 On the other hand, PG1.5 UV-Vis depicted three different slopes of 1.02 (0-1 V), 1.13 (1-4 V), and 1.46 (4-10 V) on log-log plot. The slopes increase with bias range implies that current saturation may occur at much higher biases. Under illumination, C¼O groups from GO gain access to trap charge carriers; however, relatively higher voltages may be required to pull the electrons back into the conduction 26 and hence current saturation is not observed. On log-log plot, PG2.2 Dark depicted four regions of different slopes which are quite distinctive from that of PG1.5 Dark viz., 4.83 (0-1 V), 1.88 (1-1.3 V), 0.86 (1.3-2.6 V) and 2.11 (2.6-10 V). 7 As seen in PG1.5 Dark case, the changes in the slopes are due to the release of trap charges, where an increase in ES* regions should be noted. PG2. that of PG1.5 UV-Vis . For PG2.2 case, the density of EB regions is certainly decreased; however, lack of knowledge about the interfacial and other traps 2 hinders elaborate interpretation of the changes in the conduction behavior. The benzenoid rings of PANI can rotate/flip which significantly alter the electronic structure and electron-phonon interaction. 23, 27, 31, 32 This can be amplified in PGIs and complicates the conduction process further. Apart from the complexity involved with the second dopant (oxygenous groups of GO), the electrons trapped at the EB regions are confined to 1D (polymer chain) before they recombine with a hole or hop to a conducting region, viz., GO, ES, or ES*.
The PR of PG1.5 is À51% in sharp contrast to PG2.2 with þ58% apart from the variations in the charge transport behavior with bias. In the following, a logical argument is provided enabling the appropriate interpretation of PR and controlling dynamics of the transformation of -PR into þPR. If interpretation (2) is suitable when the doping level of PANI is increased (PG1.5 to PG2.2) then equivalently the density of ES* regions also increased. As a result, the -PR should be more prominent. However, this is not the case as PG2.2 has shown þPR of 58%. Therefore, in line with (1) when the doping level increased the EB regions were decreased, and consequently þPR is reflected. Since the density of EB regions was not sufficiently decreased for PG1.5, it depicts -PR. Also, all of the EB regions of PANI are doped by oxygenous groups of GO and hence the trap centers (EB) are still expected. On the other hand, large increase in GO content might lead to collapse of the intercalating structure, as the special dynamics should favor the formation of ES*.
Electron microscopy suggested a well exfoliated and sheet like structure of GO and PANI, respectively. The analyses from XRD and emission spectra vindicate the formation of PGI-compound apart from the existence of ES and EB regions of PANI. Also the doping of EB regions with the protons from -OH and -COOH groups of GO supports the formation of PGI via self controlled ionic interactions. The broad emission peak from PG2.2 is consistent based on the following observations: (i) Intensity of the peaks from PANI is decreased due to the protonation, (ii) blue shifting and subdued intensity of peaks from GO is a signature of deprotonation, and (iii) integrated ES and ES* polaron band. The þPR of GO is attributed to increased net charge carrier density under illumination and -PR of PANI to trapping of charge carriers by EB regions. In the case of PGIs, the density of EB regions is decreased due to the ES* formation and the PR is either þve or -ve depending on the GO and PANI weight ratios. The analyses of IV-spectra indicated the formation of interfacial/other traps. Accurate determination of the conduction mechanism requires further investigation such as temperature dependent IV-spectra; however, it is out of the scope of this letter. The polarity of the PR displayed is based on the balance between the charge generation against interfacial/other traps, EB regions of PANI, and excited state C¼O groups of GO. Finally, a control on the polarity and the magnitude of the PR in PGIs is wisely harnessed by manipulating the weight ratios of PANI to GO. The present nanoscale architecture will be potential in photodetectors and related optoelectronic applications.
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